Time-resolved nonlinear optical spectroscopy of Mn3+ ions in rare-earth hexagonal manganites RMnO3 (R = Sc, Y, Er) by Kimel, A.V. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/92634
 
 
 
Please be advised that this information was generated on 2017-12-06 and may be subject to
change.
RAPID COMMUNICATIONS 
PHYSICAL REVIEW B, VOLUME 64, 201103(R) 
Time-resolved nonlinear optical spectroscopy of Mn3+ ions in rare-earth hexagonal manganites 
RMn03 (R=Sc, Y, Er) 
A. V. Kimel and R. V. Pisarev 
A. F. loffe Physical Technical Institute, Russian Academy of Sciences, St. Petersburg 194021, Russia 
F. Bentivegna and Th. Rasing 
Research Institute for Materials, University of Ni}megen, Toernooiveld 1, 6525 ED Nijmegen, I11e Netherlands 
(Received 29 June 2001; revised manuscript received 7 September 2001; published 30 October 2001) 
A time·resolved, spectroscopic study of the third·order nonlinear optical response of rare-earth hexagonal 
manganites RMn03 (R=Sc, Y, Er) was petformed in the range of 1.45 to 1.62 eV nearby the first d-d 
transition in Mn3+ ions. The nonlinearity was shown to result in a transient perturbation lle( w) of the 
dielectric pem1ittivity tensor, whose antisymmetric prut decays within less than 100 fs through the relaxation of 
excited electrons. The symmetric part of lls(w) was found to depend upon two distinct relaxation processes 
with decay times of about 360 fs and more than 70 ps, which were attributed to phonon thermalization and 
lattice cooling, respectively. 
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Time-dependent optical phenomena related to the third-
order nonlinear susceptibility x<'l of materials attract much 
interest because of their importance for applications such as 
ultrafast optical switching.1•2 Transition metal oxides mani-
fest a large i') in the spectral range where their absorption 
is dominated by d -d and near-bandgap transitions. Recently, 
transition metal oxides such as a-Fez03 , y-Fez03, or Fe30 4 
have been found to present some of the highest values 
oo- 10-10- 9 esu) of x<J) among inorganic compounds.3 
However, while one of the main purposes of the enhance-
ment of the third-order nonlinear susceptibility is the realiza-
tion of fast optical switching, to the best of our knowledge, 
no time-i·esolved study of the nonlinear optical phenomena 
in these materials has been petfonned as yet. Moreover, the 
study of x<3> in transition metal oxides has not been much 
extended to species other than the simple oxides mentioned 
above. 
Rare-em1h (R) manganites RMn03 form a broad class of 
transition metal oxides exhibiting a wide range of exotic gal-
vanomagnetic, magnetic, electronic, and optical propetties.4 
The huge interest for this family of strongly conelated sys-
tems has mostly been focused on orthorombic manganites, 
which exhibit giant magnetoresistivity. Only recently was 
some attention devoted to hexagonal manganites. Their lin-
ear and nonlinear optical prof-erties are of pmticular interest 
from both an expedmental -s and a theoretical point of 
view.9- 11 Up to now, though, no time-resolved analysis of 
their nonlinemities was pelformed, although this would pro-
vide new fundamental information about their nonequiHb-
Iium electronic and optical propetties. We repmt here on a 
temporal and spectroscopic optical study of three hexagonal 
manganites, ScMn03 , YMn03 , and ErMn03 • 
Intense light excitation modifies the optical propet1ies of a 
medium, which in turn can affect the propetties of light it-
self. This can be used for all-optical studies in a two-beam 
configuration, in which an intense (pump) light beam excites 
the medium and a less intense (probe) beam monitors the 
pump-induced nonJinear changes of its properties. In such a 
configuration, the nonlinearity can be expressed through the 
third-order nonlinear polarization vector p<'l( w) ansmg 
from the interaction of the pump E( w) and probe e( w) elec-
tric fields: 
Pl3\w) = xUl,(- w;w,w,- w)ej(w)Ek(w)Ef(w), (1) 
where xlJl1 is the static third-order nonlinear susceptibility of 
the matetial. Equation (1) can be rewtitten as a relation be-
tween the pump-induced perturbation of the dielectric per-
mittivity tensor e(w) and the nonlinear susceptibility tensor 
x<'l: 
tl.e;j( w) = xljl1(- w;w,w,- w)Ek( w)E[( w). (2) 
The product Ek(w)E((w) can be conveniently decom-
posed into a symmettic and an antisynunettic part with re-
spect to pennutations of the indices k and I. The syllllnetric 
pm1 is real and nonzero when the pump is linearly polarized, 
while the antisymmetric part is imaginary and nonzero when 
the pump beam is circularly polarized. The tensor tJ.e 1j itself 
comprises a symmetric n.e:j and an antisymmetric !le~j pmt 
with respect to permutations of the indices i and j. 12 The 
nonlinemities resulting in n.e:j and Usfj can be shown to be 
determined by the real and imaginary pm1s of Ek(w)Ej(w), 
respectively. 
In the following we discuss the spectral and temporal be-
havior of the optical nonlinearities due to d-d transitions in 
the Mn3 + ions of hexagonal manganites. Their electronic 
stmcture has only very recently become a subject of theoret-
ical studies. For example, calculations based on different ap-
proximations predicted YMn03 to be a charge-transfer in-
sulator with a bandgap of 1.1 e V, 10 or a semiconductor with 
a bandgap of about 1.5 eV. 11 Although reported experimental 
data5•7 are close to the theoretical estimates, the assignment 
of the strong absorption in this spectral range to an interband 
or a charge-transfer transition remains controversial. 
Recently, though, a new interpretation of the optical prop-
erties of hexagonal manganites was proposed.s Figure 1 
shows their electronic energy diagram as derived from the 
local symmetry of the Mn3+ ion. Without ctystalline field, 
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FIG. 1. Energy level scheme of hexagonal manganites. 
the four 3d electrons of the free Mn3+ ion (3d4 configura-
tion) occupy the ground state 5D (L=2, S=2) which is a 
quintet state. In an hexagonal manganite the 5 D state splits 
into a 5r 1 ground state and two excited 5r 5 and 5r 6 states 
under the influence of a moderate crystalline field resulting 
from the trigonal bipyramidal symmetry 6m2. The overall 
splitting is approximately 2.6 eV, including the d-d transi-
tion 5r 1 (t~e 1 )--> 5f5(t~e2 ) at l.6 eV.t' Charge-transfer 
transitions between 0 2p and Mn 3d are expected to occur 
above 3 eV,7 i.e., far above the l.l-l.5 eV predicted by the 
aforementioned theoretical calculations. 10•11 Hexagonal man-
ganites are transparent below l.3-l.5 eV down to about 0.1 
eV, where phonon absorption starts to tise. 14•15 
The samples investigated for this study are [0001]-
miented single crystals grown from high temperature solu-
tions in a PbO-PbF2 flux. The optical measurements were 
petfotmed in a pump and probe configuration, using a pulsed 
Ti:sapphire laser with a pulse duration of approximately 100 
fs and a repetition rate of 82 MHz in the photon energy range 
of l.45-l.62 eV. 
Photon energy (eV) 
FIG. 2. Spectral dependences of the photo-induced magneto-
optical Ken· rotation (full circles) and ellipticity (open circles) in (a) 
ErMn03, (b) ScMn03, and (c) YMn03. Lines are guides to the eye. 
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The antisymmetric nonlinear perturbation !le~(w) of the 
dielectric pemuttivity tensor e(w) is deduced from the 
pump-induced magneto-optical Kerr effect experienced by 
the probe beam. The setup for time-resolved magneto-optical 
Ken effect measurements was described in detail 
elsewhere. 16 The polarization of the circularly-polarized 
pump beam was modulated between left-handed and right-
handed helicities, while the probe was s-polarized. Both 
beams were focused on the sample to a spot diameter of 
about 100 p,m for the pump pulse and slightly less for the 
probe pulse. The pump fluence on the samples was around 
10 p,J cm-2• The Ken rotation and ellipticity experienced 
by the probe beam were measured as a function of the time 
delay Td between pump and probe pulses, with a sensitivity 
as high as 0.2 p,rad. The spectral width of the pulses, moni-
tored with an optical multichannel analyzer, was about 0.02 
eV over the whole photon energy range. 
The behavior of the the symmetric nonlinear perturbation 
!lef/w) of the permittivity tensor e(w) is also deduced 
from the rotation of the probe polarization plane upon reflec-
tion from the sample. The same setup as described above is 
used, with the exception that the incoming probe polarization 
is set to 20° from the s direction, whereas the pump pulses 
are linearly s-polmized but modulated in intensity. The rota-
tion expe1ienced by the probe beam, measured as a function 
of T d, is due to the nonmagnetic, third-order nonlinear opti-
cal Ken effect. 17 In order to avoid confusion between the 
photo-induced magneto-optical Kerr effect and the optical 
KetT effect, the latter will be described in the following as a 
photo-induced ''biref1ingence. '' 
The spectral behavior of the photo-induced magneto-
optical Ken· effect at rd=O is shown in Figs. 2(a), (b), and 
(c) for ErMn03 , ScMn03 , and YMn03, respectively. A 
maximum of the Ken· ellipticity and a zero of the Ken· rota-
tion are observed approximately at the same photon energy 
in ErMn03 [Fig. 2(a)]. The spectral dependence for ScMn03 
[Fig. 2(b)] and YMn03 [Fig. 2(c)] is sitnilar, provided a shift 
towards lower photon energies is petformed, and is typical of 
the photo-induced magneto-optical Ken effect in the case of 
a two-level system in which an energy splitting of the spin 
sublevels exists. 16·18 
The electronic energy diagram of Mn3+ ions, together 
with those spectral shapes and the fact that comparable val-
ues of the Ken effect were measured in all three matedals, 
suggest that, within the studied spectral range, the observed 
nonlinear optical propelties are detennined by the d -d tran-
sition 5f 1~ 5f 5 in Mn3+ ions. The transition energy varies 
slightly from compound to compound, wluch can be ex-
plained by the difference in their crystalline fields. The spec-
tmm of ErMn03, with a transition energy markedly apmt 
from that observed for the two other compounds, can be 
accounted for by an additional transition 4/ 1512~ 4/ 912 in 
Er'+ ions that takes place at -l.525 eV. 19 
The dependence of the Ken ellipticity upon Td is shown 
in Fig. 3 for ErMn03• The signal is nonzero only over the 
time domain of the cross correlation function C(t) of pump 
and probe pulses. A similar temporal behavior is observed 
for the Kell" rotation. Figure 3 also presents the polalization 
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FIG. 3. Temporal dependences of the photo-induced magneto-
optical Kerr ellipticity (open circles) and birefringence (solid 
circles) in ErMn03 at 1.61 eV. Lines are fits based on Eq. (3). 
rotation due to the photo-induced "birefringence," whose 
temporal behavior, in contrast to that of the magneto-optical 
KetT effect, can clearly be decomposed into a fast initial peak 
and a slower relaxing part. By Td=2 ps the relaxation has 
been completed and the signal reaches a plateau, without 
further change during the following 70 ps. It should be men-
tioned that this photo-induced birefringcnce also contains a 
coherent peak within the duration of C(t), but for clarity this 
contribution is not shown. The data can be fitted neglecting 
this instantaneous coherent contribution and the best fits are 
obtained considering two relaxation components: 18 
B ( IV2 Ta) [ (IV Td) l Ox=-exp --- 1-erf ---
2 ri r1 r 1 2w 
C (w2 Ta)[ 41V ra)] +-exp --- 1-e --- , 
2 r~ Tz T2 2w 
(3) 
where IV is the rms width of the pulses. The two relaxing 
tenus of amplitudes Band C have relaxation times r 1 and r 2 , 
respectively. The parameters lV =50 fs and r2~ w were set 
as fixed, while B, C, and r 1 were the fitting parameters. The 
fitting procedure produced an estimated r 1 = 360±40 fs. 
Notice that no signal was observed when the linear polar-
ization of the probe beam was set to s, while the polarization 
of the pump beam was tilted from its initial s orientation by 
an angle of 20°. Tlus suggests that the temporal behavior of 
the photo-induced "birefringence" shown above is largely 
dominated by isotropic changes in the refraction index itself. 
Under the assumption that light reflection from the crystal 
smface is detennined by the real part of the refractive index 
11, the amplitudes Band C deduced from the fitting procedure 
were expressed in te1n1s of the differential refractive index 
/!,nfn, as presented in Fig. 4 for ErMn03. This transforma-
tion was done assuming n = 2.01 over the whole studied 
spectral range.20 Notice that the absolute sign of the photo-
induced "birefringence" cannot be deduced from our mea-
surements. Consequently, the corresponding photo-refraction 
and its characteristic amplitudes B and C arc shown with an 
inherent uncertainty about their signs. Clearly, though, B and 
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FIG. 4. Spectral dependences of B and C, amplitudes of the 
relaxing contributions to the photo-induced differential refractive 
index of ErMn03• Lines are guides to the eye. 
C have different spectral dependences. The amplitude B of 
the fast relaxing contribution shows a maximum at the en-
ergy of the transition 5 f 1--> 5f 5 in MnJ+ ions (see Fig. 1), 
whereas the amplitude C of the slowly relaxing pmt changes 
sign at approximately the same energy. From the maximum 
value reached by the amplitude B of the fast component 
within the experimental spectral range, we could estimate the 
maximum of the relevant third-order susceptibility i 3l of 
ErMn03 to be of the order of 2 X w-9 esu. 
Absorption spectra of hexagonal manganites show that 
the spectral line of the 5r I (t~e I)--> 5f sU~e2) transition in 
Mn3+ ions is rather broad,7•8 which is usually attributed to an 
electron-phonon interaction, i.e., the fact that the transition 
of an electron towards an excited state is accompanied by the 
radiation of an optical phonon. Clearly, the ve1y large spec-
trallinewidth reported in literature cannot be related to inho-
mogenous broadening. 13 Moreover, the studied transition 
takes place between states of different electronic configura-
tion, and is therefore intrinsically broad.9•13 Thus the lifetime 
of the electron in the excited state cannot exceed nutch a few 
tens of femtoseconds. Therefore, in our experiment, the as-
sociated photo-induced magneto-optical Ke1T effect is not 
expected to be observed for pump-probe time delays T d 
longer than the duration of the pump-probe cross correlation 
function C(t). Nevertheless, whereas excited electrons relax 
very fast indeed, the medium remains in an excited state 
because of the generation of phonons through electron-
phonon interactions and nom·adiative relaxation of electrons 
from the excited to the ground state. The complex refraction 
index should be sensitive to this nonequilib1ium state. Thus 
the temporal behavior of the photo-induced "birefringence" 
is driven by the dynanucal phenomena involving phonons. 
Although a detailed explanation of this dynamical behav-
ior is beyond the scope of this paper, we can neve1theless 
propose a simple model to desctibe the observed spectral 
dependences. The spectral dependence of the refraction in-
dex within a given energy range comprising only one elec-
tronic transition can be presented as the sum of an energy-
independent contribution resulting from all electronic 
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transitions outside the considered spectral range and of a 
contribution resulting from the transition within this range. 
The latter depends on photon energy and is characterized by 
an s-like spectrum. In the frame of this model, the fast relax-
ing component arises from photo-induced changes of the 
energy-independent part of the signal, i.e., it is mostly due to 
spectral changes outside the considered energy range. A 
spectral maximum of the fast relaxing contribution within 
this range shows that the initial optical excitation of the sys-
tem consists of 5r 1 ~ 5f 5 transitions in Mn3+ ions. On the 
other hand, the slowly relaxing component shows a distinc-
tive dispersion mostly conditioned by effective changes of 
the spectral weight of the resonant 5f 1--> 5r 5 transition. The 
drastic changes of the tJ.nln spectrum within the first 1.5 ps 
strongly suggest rapid variations of the phonon distribution 
function. The fast relaxation can therefore be attributed to 
phonon thermalization through the anhmmonic decay of op-
tical phonons. From experimental Raman scattering data one 
can estimate that this decay takes place within approximately 
500 fs. 15 This is in good agreement with the value obtained 
in this work (360±40 fs). When this rapid thetmalization 
process is completed, the excitation of the system manifests 
itself through an increased phonon temperature. Although the 
temperature increase influences all optical transitions, the 
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In summary, a time-resolved spectral study of the third-
order nonlinear optical response of rare-earth hexagonal 
manganites was perfonned. The observed spectral reso-
nances were attributed to d -d transitions 5r 1 ~ 5r 5 in 
Mn3 + ions. The nonlinearities exhibited by these systems, 
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